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Frogeye leaf spot, caused by Cercospora sojina Hara, is a foliar disease affecting
soybean (Glycine max (L.) Merr.), often managed by applications of quinone outside
inhibitor (QoI) fungicides. In 2013 and 2014, symptomatic leaf samples were collected
from Mississippi soybean fields leading to the collection of 634 mono-conidial C. sojina
isolates. In vitro bioassays were performed to evaluate the sensitivity of 14 isolates plus
a baseline. Resistant and sensitive isolates were characterized by determining the
effective fungicide concentrations at which 50% of conidial germination was inhibited
(EC50). Additionally, the molecular mechanism of resistance was determined for all 634
isolates. Greater than 93% of C. sojina isolates collected in Mississippi carried the
G143A amino acid substitution indicating a shift to a QoI-resistant population throughout
Mississippi soybean fields. Greenhouse studies confirmed that due to this amino acid
substitution, symptoms caused by QoI-resistant isolates developed in spite of a QoI
fungicide application.
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CHAPTER I
INTRODUCTION

Soybean history, production, and uses
Soybean, Glycine max L. (Merr.), was first domesticated in northeast China
between 1550 and 1027 B.C., but possibly even earlier. In 1765, soybean was introduced
to the United States and less than 150 years later became a widely planted major crop
(Hartman et al. 1999). In 1929, U.S. soybean growers produced approximately 245,000
metric tons and by 1940, U.S. soybean production had grown to 2 million metric tons
harvested from approximately 2 million hectares of land. During the early 1950s soybean
meal became available as a low cost, high protein feed ingredient, triggering a massive
increase in U.S. livestock and poultry production (US Soy 2006). In 2013, U.S. soybean
production eclipsed 87 million metric tons harvested (NASS 2014a). The last two
decades of the 20th century saw the geography of U.S. soybean production change. Total
soybean hectares planted in the South declined while expanding North and West as new
seed varieties that required less growing time, and were better suited for dry conditions,
were developed (US Soy 2006).
Soybean can be grown in a wider variety of soil and climatic conditions than any
other major crop, and because of this, is considered to be the world’s most versatile major
crop (US Soy 2006). Cultivars are divided into 13 maturity groups (MG) ranging from
MG 000 to MG X depending on the cultivars response to abiotic factors (Heatherly and
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Elmore 2004). Photoperiod and temperature control all stages of plant development,
from seed germination to the onset of flowering and into maturation (Johnson et al. 1960;
Major et al. 1975). Group 000 matures earliest in the season and is adapted to higher
latitudes, while MG X is grown in semi-tropical to tropical production areas (Scott and
Aldrich 1983).
Soybean is the world’s largest provider of vegetable protein and oil. Oil from
soybean is the most widely used edible oil in the world, and is a major component in
cooking oils, margarine, salad oils, and shortening (US Soy 2006). Soy meal is used in
animal feed and the textured protein is used as a meat extender and in prepared foods
(Lusas 2004). Soy meal is also used as the basis for a variety of soy protein products
including soy flour, soy concentrate, and soy isolates (US Soy 2006). Soybean byproducts are used in several industrial products such as adhesives, bio-fuels, coatings,
hydraulic fluids, ink, lubricants, pesticides, and plastics (Lusas 2004).
In Mississippi, from the northern most part of the state, down south to the Gulf
Coast, MG IV, V, and VI are most often planted (Heatherly et al. 1999). In 2011, MS
soybean production reached an approximate value of $842 million, harvesting 1.9 million
metric tons from approximately 725,000 hectares (NASS 2013a). This ranked MS 14th in
the nation for 2011 soybean production (NASS 2012). The 2012 season was typified by
a 23% increase for MS soybean production, harvesting approximately 2.3 million metric
tons from roughly 765,000 hectares. The value of the 2012 MS soybean crop exceeded
$1.2 billion with an average yield of approximately 3 metric tons per hectare (NASS
2012; NASS 2013a). In 2014, about 898,400 hectares were planted in soybean and MS
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growers averaged an approximate yield of 3.5 metric tons per hectare; the greatest
soybean yield for MS on record (NASS 2014b).
Frogeye leaf spot and Cercospora sojina K. Hara
Frogeye leaf spot (FLS) is a foliar disease affecting soybean caused by the fungus
Cercospora sojina Hara. As stated by Phillips (1999), FLS was first reported in Japan in
1915 and in the U.S. in 1924 (Melchers 1925; Lehman 1928). In 1925, FLS was
observed in MS and Louisiana (Haskell 1926; Lehman 1928) and has since been reported
in several soybean producing states at various times (Athow and Probst 1952). FLS
occurrence has also been reported in Argentina, Australia, Brazil, Canada, China,
Germany, Japan, Nigeria, and Russia, among other countries (Akem 1995; Athow and
Probst 1952; Phillips 1999; Ploper et al. 2001). In the U.S., FLS has predominantly
occurred in the southeastern region, but has more recently begun affecting soybean in
some north-central states (Mengistu et al. 2002; Yang et al. 2001). A combination of
warm winter temperatures and cultivation of susceptible soybean cultivars as well as
conservation tillage practices may be factors that have contributed to the appearance of
FLS in this new area of the U.S. (Mian et al. 2008). Yield from susceptible cultivars can
be reduced by 30% if extensive leaf blighting occurs (Phillips 1999). The estimate of
soybean yield suppression due to FLS in the U.S. has increased from an average of
23,000 metric tons in 1996 to approximately 257,000 metric tons in 2007 (Wrather and
Koenning 2009). In 2006, the estimated reduction of soybean yield in the U.S. due to
FLS was approximately four times greater than was observed in the next seven top
producing countries combined (Wrather et al. 2010). Pathogen-free seed and resistant
3

cultivars have helped to reduce the incidence of FLS as well as preventing widespread
economic loss (Phillips 1999).
Symptoms
FLS is primarily a disease of foliage, but may also affect stems, pods, and seed
(Grau et al. 2004). Symptoms are more regularly observed in the field once the plant has
started flowering (R1) (Fehr and Caviness 1977). Infected plant material exhibits circular
to angular lesions that vary in diameter from less than 1 mm to 5 mm. Lesions first
appear as dark, water-soaked spots, often with lighter colored centers, developing into
brown spots surrounded by dark reddish brown margins. When the fungus sporulates,
lesions on the underside of leaves are darker and have light to dark gray centers with
clusters of conidiophores which grow from stroma in bunches of two to 25 and are light
to dark brown with one to several septations (Phillips 1999). Prominent bands,
geniculations, or spore scars are also observed on these structures. Conidia are borne at
the tips of conidiophores and are a key diagnostic feature of this fungus. Older, nonsporulating, lesions are light to dark brown and translucent with white centers that
contain dark stroma. These older lesions may expand and coalesce to form larger,
irregular spots. When lesions cover approximately 30% of the leaf surface, the leaves
will blight, and wither, causing premature senescence and defoliation (Phillips 1999).
Epidemiology
C. sojina survives and overwinters as mycelia on infected seed and infested
soybean residue. Seed can be infected from pod lesions, but healthy seed may also
become contaminated with conidia or mycelia during harvest. Sporulation can occur on
4

infected residue from the previous growing season. Heavily infected seed generally have
poor germination leading to weak, stunted seedlings with lesions present on cotyledons.
Conidia produced on cotyledons provide inoculum for infecting young plants, as leaves
that have not fully expanded are highly susceptible. Fully expanded leaves are more
resistant to infection by C. sojina. Following infection, the first lesions are visible after 8
to 12 days (Phillips 1999). Conidia can be produced in as little as 48 h if environmental
conditions remain warm (25 to 30ºC) and humid (> 90% relative humidity) (Mian et al.
2008). Conidia can be carried short distances by air currents or splashing water; and
under favorable conditions, secondary infection of leaves, stems, and pods can occur
throughout the growing season. With adequate moisture, new leaves will become
infected as they develop; potentially spreading inoculum to all leaves on a plant. If
periods of humid conditions occur interspersed with dry periods during a growing season,
a layered pattern of high lesion density on leaves to low lesion density can occur on the
same plant (Phillips 1999).
Physiological races
Physiological race is defined as a group of pathogens that infect a given set of
plant varieties (Agrios 1997). Many physiological races have been identified in C. sojina
(Phillips 1999). These races express physiological specialization for soybean cultivars
(Grau et al. 2004; Phillips 1999). Twelve distinct races of C. sojina exist in the U.S. and
have been reported from several states (Grau et al. 2004; Phillips and Boerma 1982; Ross
1968). Additional races have been identified in Africa, China, Japan, and South America
(Phillips 1999). Various sets of differentials were used to separate these races, which
makes determining similarity of races from different countries difficult (Grau et al. 2004).
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In the U.S., Race 1 was determined by Athow and Probst (1952) when a gene conferring
resistance (Rcs1) was identified. In the 1950s race 2 was described (Athow et al. 1962),
races 3 and 4 were identified in the 1960s (Ross 1968) and race 5 was defined in the
1970s (Phillips and Boerma 1981). Mian et al. (2008) proposed 10 new races of C.
sojina, and of the 10 isolates; five were from the U.S. and designated as races 6, 9, 12,
14, and 15.
Management
To reduce disease incidence, high quality pathogen-free seed should be planted,
and a two-year rotation with a non-host crop should be implemented to reduce inoculum
levels and symptom severity (Grau et al. 2004; Mian et al. 2008). When possible,
adapted resistant cultivars are recommended. Reactions of cultivars can vary from
immunity to susceptibility to particular races of C. sojina (Phillips 1999). There are three
major dominant genes that confer resistance to races of C. sojina; Rcs1, Rcs2, and Rcs3,
these genes control resistance to races 1, 2, and 5, respectively (Athow and Probst 1952;
Athow et al. 1962; Phillips and Boerma 1982). Virulence to varieties containing Rcs1
and Rcs2 has been reported in some physiological races of C. sojina (Athow and Probst
1952; Athow et al. 1962). Cultivars expressing Rcs genes may still have occasional
lesions but they often remain small and non-sporulating (Athow and Probst 1952). The
Rcs3 gene, found in the cultivar ‘Davis’ is known to confer resistance to all known races
of C. sojina observed in the U.S. (Phillips and Boerma 1982; Pace et al. 1993).
A foliar fungicide application between the full bloom (R2) and beginning pod
(R5) growth stages (Fehr and Caviness 1977) has been reported to provide effective
control of C. sojina, with yield loss reductions as much as 73% (Akem 1995; Backman et
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al. 1979; Horn et al. 1975). Applying foliar fungicides reduced FLS disease incidence
and severity when applied prior to infection in repeated experiments performed across
several states including Indiana, Kentucky, Louisiana, Mississippi, Ohio, and Virginia
(Chappell and Phipps 2005; Hershman et al. 2011; Mills and Dorrance 2006; Price et al.
2014; Sciumbato et al. 2006; Shaner and Buechley 2006). As a result, foliar fungicide
applications, particularly those belonging to the quinone outside inhibitor (QoI) class
(Fungicide Resistance Action Committee [FRAC] Code 11), have become a major tool in
FLS management when susceptible cultivars are planted. Several QoI fungicides, most
notably azoxystrobin (AZ) (as Quadris) and pyraclostrobin (as Headline), are
commercially available for use on soybean in the U.S. (Vincelli 2002).
QoI fungicides and their use in soybean
There are many fungicides labeled for use in preventive disease management
programs on soybean. The QoI or strobilurin fungicides are one class of chemical that
has been marketed for management of both biotic and abiotic stresses (Wise and Mueller,
2011). QoI fungicides are an essential tool in plant disease management programs
because of their broad spectrum efficacy against many important fungal diseases (Sauter
et al. 1999). This class of fungicides was developed from the natural fungicidal
derivative strobilurin-A, which was obtained from fermentations of Strobilurus tenacellus
(Pers.) Singer; a common, small edible mushroom that grows on buried pine cones (Anke
1995; Sauter et al. 1999). The QoI fungicides were first sold on the U.S. market in 1996
and by 1999, sales had totaled approximately $620 million; representing more than 10%
of the global fungicide market at the time. Azoxystrobin (AZ) was first announced in
1992, became commercially available in 1996 as the first QoI fungicide, and was
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registered in 72 countries on 84 different crops by 2002. AZ sales in 1999 totaled $415
million making it the world’s greatest selling fungicide (Bartlett et al. 2002). Research
conducted on the application of QoI fungicides on various field crops has reported that
there may be benefits beyond disease management (Grossmann and Retzlaff 1997;
Kyveryga et al. 2013; Wise and Mueller 2011). Fungicide manufacturers have suggested
that this class of fungicides can increase yield even in the absence of visible disease
symptoms (Wise and Mueller 2011) and as a result, QoI fungicides are often marketed
for their potential non-fungicidal physiological effects, or “plant health” benefits
(Bradley and Sweets 2008; Dorrance et al. 2010; Kyveryga et al. 2013). However, in
some instances, conflicting yield results arose as an outcome of fungicide applications in
the absence of disease (Swoboda and Pedersen 2009). A study performed by Kyveryga
et al. (2013) observed a relationship between yield response following an application of
pyraclostrobin and above normal spring rainfall. This indicates that there may be
economic benefits to making fungicide applications to soybean fields in years where
heavy rainfall is observed even when disease symptoms are not present at the time of
application. Annual soybean yields in Mississippi tend to be lower than the national
average (NASS 2013b) which may lead to blanket applications of a single class of
fungicides in an attempt to boost yield. This type of management strategy applies
additional selection pressure on C. sojina populations and other non-target
phytopathogens (FRAC 2014).
QoI fungicide resistance
QoI fungicides inhibit mitochondrial respiration by binding to the quinol
oxidation (Qo) site of the cytochrome b (cyt b) gene, blocking electron transfer between
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cyt b and cytochrome c1 (Bartlett et al. 2002). This process halts reduced nicotinamide
adenine dinucleotide (NADH) oxidation and adenosine triphosphate (ATP) synthesis,
leading to a halt in energy production. This inhibition of respiration eventually leads to
reduced fungal viability (Anke 1995; Balba 2007; Bartlett et al. 2002). These fungicides
exhibit activity against plant pathogenic fungi included in the phyla ascomycetes,
basidiomycetes, deuteromycetes, as well as the Stramenopila phylum, oomycetes
(Bartlett et al. 2002). QoI fungicides are particularly effective at inhibiting spore
germination and exhibit a high level of preventive disease activity as well as curative
activity (Anesiadis et al. 2003; Sauter et al. 1999; Wong and Wilcox 2001).
The Fungicide Resistance Action Committee (FRAC) has determined that QoI
fungicides have a high risk for selecting resistant fungal isolates because they target a
single site in fungal mitochondria. FRAC also stated that cross resistance has been
reported between all members of the QoI class (FRAC 2014). Resistance presumably
occurs due to the frequent use of these popular fungicides (Fernández-Ortuño et al.
2008). Field resistance to QoI fungicides has been documented in over 30 fungal species
from 20 genera (FRAC 2013) and primarily arises from mutations in the cyt b
(Fernández-Ortuño et al. 2008). These mutations prevent the fungicide from binding to
the Qo site and have been detected in a region of cyt b corresponding to amino acid
positions 120 to 155 of the encoded proteins. Within this region there are two important
amino acid substitutions that have been detected in several phytopathogenic fungi and
oomycetes that code for resistance to QoI fungicides. The most important and most
common alteration with regards to QoI resistance is one nucleotide base change from
guanine to cytosine occurring at codon 143, which results in the substitution of glycine
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with alanine, referred to as G143A. Isolates carrying the G143A substitution express
complete resistance and are always associated with a failure of the QoIs to inhibit the
pathogen (Fernández-Ortuño et al. 2008). An amino acid substitution from phenylalanine
to leucine at position 129, known as F129L (Gisi et al. 2002) is associated with moderate
resistance, more frequent applications of field rates of QoI fungicides will generally
inhibit the pathogen (Fernández-Ortuño et al. 2008).
An alternative, cyanide-resistant respiration pathway, sustained by alternative
oxidase (AOX) has been shown to act as a rescue mechanism for some plant pathogens in
the presence of QoI fungicides (Fernández-Ortuño et al. 2008; Wood and Hollomon
2003). When AOX occurs, the mitochondrial electron transfer is diverted by
circumventing the inhibitory site of the QoIs otherwise known as the cytochrome bc
complex. The alternative respiration pathway seems to provide enough energy to
counteract QoI effects in vitro but not in planta. This pathway provides approximately
40% of the normal efficiency for energy conservation because AOX lacks the proton
pump activity found in complexes III and IV of the mitochondrial electron transport
system. Processes such as spore germination and host penetration; critical steps in host
colonization, require greater amounts of energy not supported by alternative respiration
(Fernández-Ortuño et al. 2008). Salicylhydroxamic acid (SHAM) is one of the
characteristic inhibitors of AOX in vitro (Wood and Hollomon 2003).
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CHAPTER II
AN INVESTIGATION INTO THE QOI FUNGICIDE SENSITIVITY PATTERN OF
CERCOSPORA SOJINA ISOLATES COLLECTED FROM SOYBEAN IN
MISSISSIPPI

Abstract
Frogeye leaf spot, caused by Cercospora sojina Hara, is a foliar disease affecting
soybean (Glycine max (L.) Merr.), often managed by applications of quinone outside
inhibitor (QoI) fungicides. In 2013 and 2014, 634 C. sojina mono-conidial isolates were
collected from soybean fields throughout Mississippi. Initially, in vitro bioassays were
performed to evaluate the sensitivity of 14 of 634 isolates plus a baseline to the fungicide
azoxystrobin (AZ). The effective fungicide concentrations at which 50% of conidial
germination was inhibited (EC50) was used to characterize both resistant and sensitive
isolates. The EC50 values indicated that 11 of 14 isolates were QoI-resistant. The ability
of the AZ-amended media to inhibit a QoI-sensitive isolate after being subjected to
different environments and time intervals confirmed that the AZ and SHAM remain
active up to one month in storage. The molecular mechanism of resistance was
determined for all 634 isolates, using a PCR-RFLP method and comparing nucleotide
sequences of the cytochrome b gene. The state of Mississippi was divided into five
distinct geographical regions, the Hills, Delta, Pines, Capital, and Coast, based on
estimates of total soybean hectares. The greatest proportion of QoI-sensitive (16.7%)
16

isolates was collected in the Hills while the Coast had no QoI-sensitive isolates. QoIsensitive isolates from the Pines, Capital, and Delta ranged from 1.6 to 7.0%. Results of
this study determined that greater than 93% of C. sojina isolates collected in Mississippi
carried the G143A amino acid substitution indicating a shift to a QoI-resistant population
throughout Mississippi soybean fields. Greenhouse studies were performed to confirm
that the G143A amino acid substitution was responsible for the ability of QoI-resistant
isolates to cause symptoms of frogeye leaf spot in the presence of QoI fungicides.
Introduction
Frogeye leaf spot (FLS) is a disease affecting soybean caused by the fungus
Cercospora sojina Hara. Primarily a disease of foliage, FLS can also affect seed, pods,
and stems (Grau et al. 2004). FLS was first reported from Japan in 1915, and in the
United States in 1924 (Lehman 1928; Melchers 1925). In 1925, FLS was observed in
Mississippi and Louisiana (Haskell 1926; Lehman 1928) and has since been reported
from several soybean producing states and countries worldwide (Akem 1995; Athow and
Probst 1952; Phillips 1999; Ploper et al. 2001). In the U.S., FLS has predominantly
occurred in the southeastern region, but has more recently been reported affecting
soybean in some north-central states (Mengistu et al. 2002; Yang et al. 2001). FLS
causes circular to angular lesions that vary in diameter from less than 1 mm to 5 mm.
Lesions first appear as dark, water-soaked spots, often with lighter centers, developing
into brown spots surrounded by dark reddish brown margins (Figure 2.1) (Phillips 1999).
Mature lesions may expand and coalesce to form large, irregular-shaped spots. When
lesions cover approximately 30% of the leaf surface, the leaves may blight and wither
before falling prematurely resulting in significant yield loss (Phillips 1999).
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Figure 2.1

Symptoms of frogeye leaf spot: Circular to angular brown lesions
surrounded by reddish-brown margins.
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Annual estimates of soybean yield reduction as a result of FLS in the U.S.
between 1996 and 2009 ranged from 19,568 to 345,147 metric tons in 1999 and 2006,
respectively (Koenning and Wrather 2010; Wrather and Koenning 2009).
Management of FLS is achieved by planting FLS-resistant soybean cultivars, crop
rotation, and the application of foliar fungicides between the full bloom (R2) and
beginning seed (R5) growth stages (Fehr and Caviness 1977; Grau et al. 2004; Mian et al.
2008). The application of a foliar fungicide reduced FLS incidence and severity when
applied prior to infection in repeated experiments performed across several states
including Indiana, Kentucky, Louisiana, Mississippi, Ohio, and Virginia (Chappell and
Phipps 2005; Hershman et al. 2011; Mills and Dorrance 2008; Price et al. 2014;
Sciumbato et al. 2006; Shaner and Buechly 2006). As a result, foliar fungicide
applications, particularly those belonging to the quinone outside inhibitor (QoI) class
(Fungicide Resistance Action Committee [FRAC] Code 11), have become a major tool in
FLS management when susceptible cultivars are planted. Several QoI fungicides, most
notably azoxystrobin and pyraclostrobin, are commercially available and labeled for
soybean in the U.S. (Vincelli 2002).
QoI fungicides are an essential tool in plant disease management programs
because of their broad spectrum activity against many important phytopathogens (Sauter
et al. 1999). However, FRAC classifies the QoIs as “high-risk” for developing resistance
in fungal populations due to their single-site mode of action (FRAC 2014). Specifically,
the QoI fungicides inhibit mitochondrial respiration by binding to the quinol oxidation
(Qo) site of the cytochrome b (cyt b) gene, blocking electron transfer between cyt b and

19

cytochrome c1 (Bartlett et al. 2002). This inhibits respiration and leads to reduced fungal
viability (Anke 1995; Balba 2007; Bartlett et al. 2002).
Field resistance to QoIs has been documented in over 30 species representing 20
genera (FRAC 2013) and primarily arises as a result of nucleotide point mutations in the
cyt b gene (Fernández-Ortuño et al. 2008). These mutations result in specific amino acid
substitutions which prevent the fungicide from binding to the Qo site and have been
detected in a region of the cyt b corresponding to amino acid positions 120 to 155 of the
encoded protein. Within this region, two important substitutions have been detected in
resistant phytopathogenic fungi and oomycetes. The amino acid substitution from
glycine to alanine at position 143 (G143A) is known to confer complete resistance to the
QoI fungicides and is associated with a failure to inhibit the pathogen (Fernández-Ortuño
et al. 2008). An amino acid substitution from phenylalanine to leucine at position 129
(F129L) is associated with reduced sensitivity, with the pathogen typically being
managed with either more frequent applications or increased rates of QoI fungicides
(Fernández-Ortuño et al. 2008; Gisi et al. 2002). Because they share a common mode of
action, cross-resistance to the QoIs is frequently observed in fungi containing the G143A
substitution suggesting that if resistant to one QoI active ingredient, the fungus will be
resistant to all QoI active ingredients (Fernández-Ortuño et al. 2008; FRAC 2014;
Siertozki et al. 2000). In C. sojina, Zhang et al. (2012a) demonstrated cross-resistance to
azoxystrobin, pyraclostrobin, and trifloxystrobin.
Resistance to QoI fungicides in isolates of C. sojina was first detected in 2010
from a west Tennessee soybean field where repeated fungicide applications failed to
control FLS (Zhang et al. 2012a). In 2012, amid the documentation of efficacy failures in
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Tennessee and several adjacent states, C. sojina isolates from Mississippi soybean fields
in two separate counties, were determined to be resistant to the QoI fungicides based on
in vitro bioassays performed by C. Bradley, University of Illinois (Allen 2012).
Identification of QoI resistance in C. sojina was not unexpected; however, this confirmed
the presence of QoI-resistant isolates in Mississippi soybean fields. The preferred
soybean management practice in Mississippi includes a timed QoI fungicide application
between the beginning pod (R3) and full pod (R4) growth stages regardless of the
presence of a foliar disease. As such, a comprehensive survey of the C. sojina fungal
population from Mississippi was undertaken in 2013 and 2014 in an attempt to
understand how widespread the issue of QoI-resistance was within the FLS pathosystem.
The objectives of this research were to collect isolates of C. sojina from Mississippi
soybean fields and (i) determine the frequency and pattern of QoI-resistance in the C.
sojina population, and (ii) determine if QoI-resistant isolates carrying the G143A amino
acid substitution are inhibited by QoI fungicides in vivo.
Materials and Methods
This research was conducted at the Turfgrass/Soybean Pathology Laboratory at
Mississippi State University. Foliar samples exhibiting symptoms of FLS were collected
from soybean fields throughout Mississippi. All samples were collected and the required
studies were performed in 2013 and 2014.
Sampling pattern and C. sojina isolate collection
Mississippi contains 82 counties and was divided into five distinct geographical
regions. In 2014, approximately 898,400 ha of soybean were planted in Mississippi, the
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distinct regions differ in the total hectares of soybean production with measurable
production occurring in 77 or 78 counties depending on the year. These regions from
north to south based on 2014 estimates of total hectares of soybean production: Hills (16
counties; 122,094 ha), Delta (15 counties; 669,796 ha), Pines (29 counties; 67,711 ha),
Capital (16 counties; 36,476 ha), and Coast (6 counties; 2327 ha) (NASS 2014).
Frogeye leaf spot sampling
From June through September of the 2013 and 2014 growing seasons, soybean
leaf samples exhibiting symptoms of FLS were collected from predominantly commercial
fields throughout Mississippi. Sampled fields were initially chosen in 2013 when grower
or consultant reported QoI-efficacy failures occurred; however, as sampling intensified in
2014, fields were often sampled with no prior knowledge of production practices. A
sample consisted of approximately 10 to 20 leaves and FLS symptoms were identified
based on descriptions by Phillips (1999). When more than one FLS disease focus was
present in a field and separated by a minimum of 50 m, samples selected from foci were
considered distinct. Sampled leaves were placed in plastic bags and refrigerated (4ºC)
until pathogen isolation, generally within 5 days. To confirm pathogen identity, leaf
lesions were examined using a stereomicroscope to identify C. sojina conidia. Species
confirmation was initially based on conidia morphology using light microscopy (×100)
(Phillips 1999) and subsequently by ITS-based sequencing (White et al. 1990).
Samples were cleaned under running water to remove any debris from the field
and dried between layers of paper towel. If conidia were not present, sporulation was
induced by placing leaves in a moist chamber (a clear plastic shirt box with moistened
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germination paper) on a lab bench at ambient temperature for 12 h in the dark to promote
sporulation (Zhang et al. 2012b).
Cercospora sojina isolation and preservation
Mono-conidial isolates were established from individual leaf lesions following a
modified protocol outlined by Zhang et al. (2012b). Briefly, when sporulation was
observed, 3 µl of a sterile distilled water solution containing 1 drop/liter Tween 20
(SDW+) (Sigma-Aldrich, St. Louis, MO) was placed onto a sporulating lesion using a
micropipette (Mettler-Toledo, LLC, Columbus, OH). The conidial suspension was
deposited onto potato dextrose agar (PDA; 39 g PDA per liter of water) amended with
rifampicin (25 mg/liter) in petri plates (15 × 100 mm diameter) (Fisher Scientific,
Pittsburgh, PA) and spread across the surface with a sterile glass rod. This process was
repeated five times per sample. After 24 h, five germinating conidia per sample were
aseptically transferred to five separate petri plates (15 × 60 mm diameter) containing
soybean stem lima-bean agar (SSLBA) (Phillips and Boerma 1981) amended with
rifampicin (25 mg/liter). Mono-conidial isolates were placed in a growth chamber and
allowed to incubate under 12 h day/night with fluorescent and black light sources at 25ºC
until the colony covered approximately 60% of the plate.
Agar plugs (5 mm diameter) containing mycelia and conidia were removed and
placed in sterile 1.5 ml centrifuge tubes (Fisher Scientific, Pittsburgh, PA). The agar
plugs were subsequently covered with a 15% glycerol solution and placed in a freezer
at -80ºC (Zhang et al. 2012b). All isolates collected in this study were prepared for longterm storage using this procedure. Additionally, a herbarium of FLS samples was
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established by placing infected leaf samples into a plant press; to our knowledge this is
the largest herbarium collection of FLS-infected leaf material.
C. sojina sensitivity to AZ
In vitro bioassays were conducted to determine fungicide sensitivity of fifteen
C. sojina isolates using a modified protocol described by Zhang et al. (2012b), as well as
a protocol described by Secor and Rivera (2012).
Preparing amended media
Technical-grade AZ (96% a.i.; Syngenta Crop Protection, Greensboro, NC) was
dissolved in 5 ml acetone, and ten-fold serial dilutions were prepared by adding 1 part
stock solution to 9 parts acetone. Additional dilutions were made to include
concentrations between those prepared using the previously described ten-fold serial
dilutions. The final concentration in media was attained by adding 1 ml of each fungicide
concentration into 1 liter of PDA after cooling to 55ºC. A total of ten final concentrations
of 0.0001, 0.001, 0.01, 0.1, 1.0, 2.25, 3.5, 4.75, 6.0, and 10.0 µg/ml were used, with a
non-AZ amended control (0) included that contained 0 µg/ml of AZ with 1 ml/liter of
acetone. Salicylhydroxamic acid (SHAM) was added to prevent conidia from
germinating through the alternative respiration pathway (Wood and Hollomon 2003).
SHAM was dissolved in a methanol:acetone (1:1; v:v) solution and incorporated into all
treatments for a final concentration of 60 µg/ml (Zhang et al. 2012b). Amended PDA
was poured into 60 mm petri plates in aliquots of 10 ml for testing and stored in the dark
for use within 24 h.
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Preparing conidial suspensions
A C. sojina baseline (sensitive) isolate, S86, not previously exposed to AZ, was
included for comparison (Zhang et al. 2012b). The isolate’s pedigree stated origination
from Mississippi (pre-1996), but no County of origin was included. In addition to isolate
S86, 14 C. sojina isolates collected in 2013, were prepared by placing hyphal plugs onto
SSLBA amended with rifampicin and incubated in a growth chamber as previously
described, to induce conidial production. Aliquots of SDW+ (5 ml) were added to the
colonies, which were gently scraped using a sterile cell lifter (Corning Inc., Corning,
NY). The ensuing fungal slurry was transferred to SSLBA in aliquots of 700 µl and
spread with a sterile glass rod. The plates dried in a laminar flow hood to evaporate
excess liquid, before being placed in the growth chamber to induce uniform conidial
production. The process was repeated for each isolate to produce enough conidia to
perform bioassays. Ample conidia were produced after 7 to 10 days and harvested as
previously described. The conidial suspension was collected and adjusted to a final
concentration of 1 × 105 conidia/ml using a hemacytometer.
Preparing and evaluating assays
Using a micropipette, 75 µl of previously prepared C. sojina conidial suspensions
were added to AZ-amended PDA plates. Conidia were distributed over the surface of the
medium using a sterile glass rod. The infested plates were incubated in the dark at 25ºC
± 2 for 18 h (Zhang et al. 2012b). Conidia germination was determined by viewing 50
conidia per petri plate using a compound microscope (×100). A conidium was
considered germinated if the germ tube was at least as long as the length of the conidium
itself (Figure 2.2) (Zhang et al. 2012b).
25

Figure 2.2

Conidia of Cercospora sojina after 18 h incubation on PDA.

A. A germinated conidium grown on media not amended with azoxystrobin. B. Nongerminated conidia grown on media amended with 10 µg/ml azoxystrobin.
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Effects of environment and age of media on the shelf life of PDA amended with
Azoxystrobin and SHAM
A study utilizing in vitro bioassays was initiated to determine the length of time
that AZ and SHAM would remain effective at inhibiting fungal growth in media.
Technical-grade AZ (96% a.i.; Syngenta Crop Protection, Greensboro, NC) was
dissolved in 1 ml acetone to produce a concentration of 10,000 µg/ml. SHAM was
dissolved in a methanol:acetone (1:1; v:v) solution to produce a concentration of 60,000
µg/ml. A 150 µl aliquot of both the AZ and SHAM solutions were added to 150 ml PDA
for final concentrations in media of 10 µg/ml and 60 µg/ml, respectively. This study
evaluated three combinations of AZ- and SHAM-amended PDA: an untreated control
containing 0 µg/ml AZ and 0 µg/ml SHAM with two 150 µl aliquots of acetone, and
methanol:acetone (1:1; v:v), respectively; 10 µg/ml AZ with a 150 µl aliquot of acetone;
and a combination of both 10 µg/ml AZ and 60 µg/ml SHAM. Amended media was
added to 60 mm petri plates in aliquots of 10 ml. Three separate environments were used
to store amended PDA: in a refrigerator set at 4ºC; in the dark at 25ºC ± 2; and on a lab
bench at 25ºC ± 2 with 10 to 12 hours of light per day. Petri plates containing amended
media were stored in their respective environments for 0-, 7-, 14-, and 21-days. Plates
were retrieved from their respective environments and 3 mm hyphal plugs of baseline
isolate S86 were placed in the center of each treatment, mycelium-side down, and
incubated in the dark for 7 days. Four radial growth measurements were recorded from
the center of each plug.
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Molecular characterization of C. sojina isolates
DNA extraction and polymerase chain reaction amplification
DNA was extracted from all C. sojina isolates collected during 2013 and 2014
(n=634). Isolates were prepared as previously described, mycelia and conidia were
collected after 10 to 14 days incubation, by flooding the plate with 3 ml of a 0.9% (w/v)
sodium chloride collection solution, and scraping the surface with a sterile cell lifter. The
fungal solution was collected in sterile 1.5 ml centrifuge tubes. Genomic DNA was both
extracted and purified using a Fungi/Yeast Genomic DNA Isolation Kit (Norgen Biotek
Corp., Thorold, ON, Canada). Isolates were positively identified based on nucleotide
sequences of the internal transcribed spacer (ITS) region determined from two C. sojina
isolates: 13-2 (Mississippi, 2013) and baseline isolate, S86. Polymerase chain reaction
(PCR) amplification was performed using an ITS1/ITS4 primer set (White et al. 1990).
To identify the nucleotide point mutations of particular interest, a set of cyt b gene
specific primers were designed. Taking into account that no cyt b sequences of the target
organism (C. sojina) were publically available at the time of research (February 2014),
primers were developed based on consensus sequences of this gene present in the
GenBank database (NCBI, USA) (Benson et al. 2005), including C. beticola, C.
graminicola, and C. kikuchii. Primers CercUN-F
(5’- TCTTCTTAGTATACTTACACGTAGG -3’) and CercUN-R
(5’- AAACCTCCTCATAAAAACTCAAC -3’) were specifically designed to amplify a
238 bp-long portion of the cyt b spanning the region that contains the two important
codons at positions 129 and 143.
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PCR was carried out in a MyCycler Thermal Cycler (Bio-Rad Laboratories Inc.,
Hercules, CA) with a master mix containing aliquots of: 10 µl 5× GoTaq Buffer
(Promega, Madison, WI), 4 µl magnesium chloride (MgCl2) (25 mM), 1 µl dNTPs (10
mM), 1 µl each primer (5 µM), 0.2 µl GoTaq polymerase (5 u/µl) and 50 ng/µl fungal
genomic DNA in a final reaction volume of 50 µl. The cycling conditions were an initial
denaturation period at 94ºC for 2 min and 20 s; 40 cycles of denaturation at 94ºC for 20 s,
primer annealing at 53ºC for 30 s, and elongation at 72ºC for 35 s; followed by a final
extension at 72ºC for 10 min. PCR products were separated in ethidium-bromide-stained
1.5% (wt/vol) agarose gels, run in 1× Tris-Borate-EDTA buffer, and exposed to UV light
to visualize DNA fragments.
Restriction fragment length polymorphism and sequence analysis
A PCR-restriction fragment length polymorphism (RFLP) method was used to
investigate the potential nucleotide mutation in the codon at position 143 (Sierotzki et al.
2000). Aliquots of 10 µl of unpurified cyt b PCR product were combined with 17 µl of
nuclease-free water, and 2 µl of 10× FastDigest Buffer in a 200 µl microcentrifuge tube.
The tube was vortexed and 1 µl of FastDigest restriction enzyme AluI (Thermo Fisher
Scientific Inc., Waltham, MA) was added before the tube was incubated at 37ºC for 45
min, according to the manufacturer’s recommendations. This process was repeated for
every C. sojina isolate collected from 2013 and 2014. Enzyme products were separated
in ethidium-bromide-stained 2% (wt/vol) agarose gels, run in 1× Tris-Borate-EDTA
buffer, and exposed to UV light to visualize digested fragments.
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To confirm the accuracy of the PCR-RFLP method, PCR products from all
sensitive and randomly selected resistant isolates were purified using ExoSAP-IT (USB
Corporation, Cleveland, OH). Amplicons were submitted to Eurofins MWG Operon
LLC, Louisville, KY for custom sequencing. Nucleotide sequences were trimmed and
contigs were assembled using DNASTAR Lasergene Software (DNASTAR Inc.,
Madison, WI). Alignment and analysis were performed using ClustalW within the
MEGA6 software package (Tamura et al. 2013).
In vivo comparison of disease severity and incidence for QoI-resistant and sensitive
isolates
A greenhouse study was initiated using six C. sojina isolates collected in 2013;
three QoI-resistant (13-11; 13-34; 13-104) and three QoI-sensitive (13-31; 13-36; 13-85).
Ceramic pots (7.62 cm diameter) were filled with Miracle-Gro potting soil (Scotts
Company, Marysville, OH). Four soybean seeds, variety Armor DK 4744 (Armor Seed
Co., Fisher, AR), were planted into each pot. After germination, plants were thinned to
two plants per pot, watered daily, and fertilized twice a week with a 24N-8P-16K
fertilizer (Miracle-Gro, Scotts Company, Marysville, OH). When plants reached the V2
growth stage (second trifoliate, third node), fungicide treatments and the untreated
control were applied to 18 pots each. Fungicide treatments included a water control,
Headline (0.877 L/ha), Quadris (1.133 L/ha), and Topguard (1.023 L/ha) (flutriafol;
Cheminova Inc., Research Triangle Park, NC). Fungicides were applied at the highest
label rate in water equivalent to 37.4 liters per hectare at 40 psi in a CO2-pressurized
boom sprayer with two XR teejet 8002-VS nozzles. One day after fungicide applications,
3 pots for each fungicide were chosen at random and placed into six groups of 12 pots for
30

inoculation with a conidial suspension of each QoI-resistant or QoI-sensitive isolate,
respectively.
The conidial suspensions were made by flooding actively sporulating cultures of
each isolate with SDW+, gently dislodging the conidia, and collecting the solution using
a micropipette. The suspensions were adjusted to 5 × 104 conidia/ml and applied in a
volume of 30 ml at 20 psi using a CO2 pressurized hand sprayer (BellSpray Inc.,
Opelousas, LA) equipped with a cone nozzle. Plants were inoculated two times, 48 h
apart and placed in a humid chamber to maintain nightly relative humidity of >90%. The
plants were moved to a greenhouse bench under a shade cloth canopy after 4 days.
Frogeye leaf spot severity was rated and lesion count was assessed 21 days
post-inoculation. After each experiment, leaves exhibiting symptoms of FLS were
collected from plants affected by each C. sojina isolate. Conidia were extracted from leaf
lesions as previously described and the isolate was confirmed as QoI-resistant or QoIsensitive using the PCR-RFLP method as previously described.
Statistical analysis
In vitro AZ-sensitivity assays were arranged in a completely randomized design
and included two replicates for each isolate per fungicide concentration and non-amended
control; the study was repeated. The concentration of AZ that effectively inhibited
conidial germination by 50% (EC50) was calculated for each isolate (n=15) using PROC
PROBIT in SAS (v. 9.3, SAS Institute, Cary, NC). An analysis of variance was
determined for each experiment using PROC GLM and a subsequent analysis was
performed to identify any treatment by experiment interaction before data were pooled.
EC50 values were log10-transformed prior to testing for normality using the
31

Kolmogorov-Smirnov test in PROC UNIVARIATE, combined data were analyzed, and
Fisher’s protected least significant difference tests (P = 0.05) was used to compare the
EC50 values of all 15 isolates.
The study to determine shelf life of AZ and SHAM was arranged as a 3×3×4
factorial arrangement of treatments in a completely randomized design. Factors included
three AZ/SHAM concentrations, three environments, and four time points. The study
was repeated twice and data were tested for normality using the Kolmogorov-Smirnov
test in PROC UNIVARIATE. Combined data were analyzed using PROC GLM and
Fisher’s protected least significant difference test (P = 0.05) was used to compare
treatment effects.
The in vivo comparison study was arranged by isolate as a completely
randomized design and analyzed for each isolate separately. Each fungicide × isolate
treatment had three replicates and the experiment was repeated twice. Disease severity
data were arcsin-transformed and lesion count data were log10-transformed before each
respective dataset was tested for normality using the Kolmogorov-Smirnov test in PROC
UNIVARIATE. The data were analyzed by isolate using PROC GLIMMIX, and leastsquare means t tests was performed to compare fungicide treatments across isolates.
Results
Sampling pattern and C. sojina isolate collection
During 2013, 103 C. sojina mono-conidial isolates were recovered from 128
samples collected from soybean fields throughout Mississippi. Sampling was intensified
in 2014, with 558 samples resulting in 531 mono-conidial isolates. These isolates were
collected from 89% of the state’s counties (Table 2.1) or approximately 95% of the
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soybean production area. Over the two year period, the Delta accounted for the greatest
number of isolates, 252, resulting in more isolates collected than in the Capital (102),
Coast (8) and Pines (128) regions combined. The Hills region accounted for the
remaining 144. In 2013 and 2014, measurable soybean production occurred in 78 of the
82 Mississippi counties (Figure 2.3). Approximately 88% of Mississippi’s soybean
hectares in 2014 were planted in the Delta and the Hills (75 and 13%, respectively)
(NASS 2014). The percentage of QoI-resistant isolates differed numerically between the
five geographical regions established in this study.
The Hills had the greatest proportion of QoI-sensitive (16.7%) C. sojina isolates
while no QoI-sensitive isolates were collected from the Coast. The range of
QoI-sensitive C. sojina isolates from the Pines, Capital, and Delta was 1.6 to 7.0%. Of
the 634 total isolates evaluated, 93.5% contained the G143A amino acid substitution.
QoI-resistant isolates were present in at least one field in all 73 Mississippi counties
sampled (Figure 2.3). In 2013, 11 QoI-sensitive isolates were recovered, while 30
QoI-sensitive isolates were recovered in 2014 representing 6.5% of all isolates collected
from Mississippi (data not presented).
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Table 2.1

The origin, number, and QoI-sensitivity reaction of Cercospora sojina
isolates collected from Mississippi soybean fields during 2013 and 2014

Region
County
Capital
Adams
Amite
Claiborne
Copiah
Franklin
Hinds
Jefferson
Lawrence
Lincoln
Madison
Pike
Rankin
Simpson
Walthall
Warren
Wilkinson
Coast
Jackson
Pearl River
Stone
Delta
Bolivar
Carroll
Coahoma
Holmes
Humphreys
Issaquena
Leflore
Panola
Quitman
Sharkey
Sunflower
Tallahatchie
Tunica
Washington
Yazoo
Hills
Alcorn
Benton
Calhoun
Desoto
Grenada

No. Isolates/Year
2014
2013

Total collected

Total resistant isolatesz

3
3
6
1
1
2

14
2
3
7
3
4
5
3
3
7
1
17
3
1
11
2

17
5
3
7
3
10
5
3
3
8
1
17
3
1
12
4

17
4
3
7
3
9
5
3
3
8
1
16
2
1
12
4

3
-

2
2
1

2
5
1

2
5
1

8
2
5
2
2
2
3
4
5
2
3
2
2

21
7
13
10
18
7
22
5
6
19
26
14
7
27
11

29
9
15
10
20
9
24
8
10
19
31
16
10
29
13

29
9
15
8
20
8
23
8
10
19
31
16
10
29
13

1
2
1
3
1

5
1
23
7
4

6
3
24
10
5

6
2
22
8
5
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Table 2.1

z

(continued)

Region
County
Hills – cont’
Itawamba
Lafayette
Lee
Marshall
Pontotoc
Prentiss
Tate
Tippah
Tishomingo
Union
Yalobusha
Pines
Attala
Chickasaw
Choctaw
Clay
Covington
Forrest
Jefferson Davis
Jones
Kemper
Lamar
Leake
Lowndes
Marion
Monroe
Montgomery
Neshoba
Newton
Noxubee
Oktibbeha
Scott
Wayne
Webster
Winston
TOTAL

No. Isolates/Year
2014
2013

Total collected

Total resistant isolatesz

1
1
1
2
1
3
3
2
2
3
1

3
10
5
4
7
11
4
8
8
3
13

4
11
6
6
8
14
7
10
10
6
14

3
10
5
5
7
6
5
8
10
4
14

1
2
1
1
2
2
1
2
1
1
103

3
9
3
5
2
1
2
3
2
4
4
11
3
6
2
1
8
14
3
6
3
17
2
531

4
11
3
5
2
1
2
3
2
4
5
12
3
8
4
1
9
16
4
6
3
18
2
634

4
11
3
5
2
1
2
3
1
2
5
9
3
8
3
1
9
16
4
6
2
17
2
593

Resistant isolates carried the G143A amino acid substitution conferring QoI resistance
as determined using PCR-RFLP and comparing nucleotide sequences.
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Figure 2.3

Sensitivity pattern of Cercospora sojina to quinone outside inhibitor
fungicides in Mississippi.

A = Hills; B = Delta; C = Pines; D = Capital; E = Coast
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Sensitivity of C. sojina isolates to azoxystrobin
The EC50 values determined in this study were not log10-normally distributed
(P = <0.01). Nevertheless, the analysis of variance of mean EC50 values following
exposure to AZ, indicated that EC50 values differed significantly (P = <0.0001) between
the baseline isolate and the isolates collected from Mississippi in 2013, as well as in some
cases between regions. Two AZ sensitivity classes, resistant or sensitive to QoI
fungicides, were identified based on mean EC50 values from among the 14 C. sojina
isolates collected in 2013 and baseline isolate S86 following an 18 h incubation on
AZ-amended media (Table 2.2). On average, the EC50 value of the AZ-resistant C. sojina
isolates was 97.5% greater than sensitive isolates exposed to AZ. The isolates exhibited a
range in reduced sensitivity to AZ from 192.0 times less sensitive (isolate 13-85) to a
high of 1.14 × 104 less sensitive (isolate 13-11) when EC50 values were compared
between the 14 isolates and the baseline isolate. In general, isolates from each of the
regions were greater than 99% less sensitive to AZ than the baseline isolate. However,
the average sensitivity to AZ differed between regions, with the isolates originating from
the Hills having the greatest sensitivity as compared to the isolates originating from the
Pines where isolates were less sensitive.
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Table 2.2

The effective concentration of azoxystrobin at which 50% of conidial
germination was inhibited for 15 Cercospora sojina isolates following 18 h
exposure, and their respective qualitative sensitivity reactions

Isolate reaction
Isolate
County
Region
EC50 µg/ml
Sensitive Resistantx
S86y
0.0002 kz
×
13-2
Adams
Capital
2.1548 ab
×
13-11
Bolivar
Delta
2.2720 a
×
13-31
Desoto
Hills
0.0421 i
×
13-34
Hinds
Capital
1.6512 e
×
13-36
Hinds
Capital
0.0436 i
×
13-37
Hinds
Capital
1.3204 g
×
13-43
Itawamba
Hills
1.7009 de
×
13-47
Leflore
Delta
1.8339 c
×
13-55
Montgomery
Pines
2.0877 b
×
13-58
Newton
Pines
2.1047 b
×
13-61
Oktibbeha
Pines
1.8153 cd
×
13-85
Tate
Hills
0.0384 j
×
13-100
Wilkinson
Capital
0.8674 h
×
13-104
Yazoo
Delta
1.4541 f
×
v
Mississippi county and region where samples of frogeye leaf spot were collected and
C. sojina isolates originated.
w

Originv

w

Cercospora sojina isolates collected throughout the 2013 growing season in
Mississippi.
x

Resistant isolates exhibited the G143A amino acid substitution conferring QoI
resistance.
y

Isolate S86 originated from a frogeye leaf spot sample collected in MS prior to the
release of azoxystrobin (pre-1996) (Zhang et al. 2012b).
z

Mean EC50 values (n=4) within columns followed by the same letter are not
significantly different based on Fisher’s protected least significant difference test
(P = 0.05).
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Effects of environment and age of media on the shelf life of PDA amended with
Azoxystrobin and SHAM
Radial growth measurements of isolate S86 were not normally distributed
(P = <0.01). The main effects of time and environment or any resultant interactions
thereof were not significant (Table 2.3); however, radial growth differed significantly
(P = <0.0001) when amended media was the main effect. Radial growth of the untreated
control (7.17 mm) was approximately three times greater than radial growth of AZ alone
(2.37 mm), or AZ plus SHAM (2.21 mm).
Table 2.3

Analysis of variance of QoI-sensitive Cercospora sojina isolate S86 radial
growth measurements exposed to three different factors.

Source
Degrees of Freedom
F-value
P>F
Age x
3
0.29
0.8290
Environment y
2
0.30
0.7449
Treatment z
2
311.41
0.0001
Age × Environment
6
0.21
0.9720
Age × Treatment
6
0.20
0.9764
Environment × Treatment
4
0.25
0.9068
Age × Environment × Treatment
12
0.22
0.9972
x
Hyphal plugs were placed on amended media that had been stored for 7-, 14-, 21-, and
28-days.
y
Amended media stored in refrigerator (4ºC), dark (25ºC ± 2), and a bench top
(25ºC ± 2) with 10 to 12 h light.
z
Treatments consisted of potato dextrose agar amended with two 150 µl aliquots each of
acetone, and methanol:acetone (1:1; v:v), 10 µg/ml AZ plus 150 µl aliquot of acetone,
and 10 µg/ml AZ plus 60 µg/ml SHAM.
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Molecular characterization of C. sojina isolates
The nucleotide sequences of the ITS region of isolates 13-2 and S86 were
mutually identical and shared 100% homology to the corresponding genomic region of
C. sojina strains CPC17964 and CBS 132684 from Argentina (GenBank Acc. No.
JX143662 and JX143660, respectively). The nucleotide sequences for 13-2 and S86
were deposited in the GenBank (Acc. No. KJ566925 and KJ566926, respectively).
The primers CercUN-F/CercUN-R were initially tested on four selected isolates
based upon the results of in vitro sensitivity to AZ (Table 2.2). Two selected isolates
(S86 and 13-36) had low EC50 values (<0.1 µg/ml) and were identified as sensitive, while
the other two (13-2 and 13-100) had high EC50 values (>0.1 µg/ml) and exhibited
resistance to the QoI fungicides (Table 2.2). The primers designed in this work were
species-specific as the PCR test yielded a single DNA band of expected size, 238-bp, in
all four isolates. PCR products of all four isolates were custom sequenced and deposited
in GenBank (Acc. No. KJ566927 – KJ566930).
Sequence analysis of PCR products showed the presence of the codon resulting in
phenylalanine (F) at position 129 of the cyt b. However, a single nucleotide mutation
(GC) in the codon 143 of cyt b (GGTGCT), resulting in the G143A amino acid
change was present only in AZ-resistant C. sojina isolates 13-2 and 13-100 (Figure 2.4a),
and not in the two AZ-sensitive isolates.
The difference in nucleotide sequences between resistant and sensitive isolates of
C. sojina facilitated for the use of an efficient RFLP analysis using the restriction enzyme
AluI. The digestion of PCR products with AluI resulted in two distinct profiles. In
isolates containing a GCT triplet coding for alanine at position 143 (QoI-resistant), the
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restriction enzyme AluI generated two fragments of approximately 80- and 160-bp
(Profile A), while the PCR products from sensitive isolates remained intact upon
digestion with the same enzyme (Profile B, Figure 2.4b). The analyses of PCR-RFLP
profiles from all 634 studied isolates revealed the presence of the GCT codon in a total of
593 isolates of C. sojina, while the remaining 41 isolates collected from Mississippi
soybean fields remained undigested by AluI (Profile B). These results clearly showed the
presence of molecular indicators for QoI resistance in the majority (93.5%) of C. sojina
isolates collected in Mississippi over the two years.
In order to better validate the hypothesis that the G143A substitution was
involved in the development of the QoI resistance phenomenon in C. sojina in MS, and to
eliminate the possibility that other point mutations may contribute to this phenomenon,
we further sequenced PCR products from a total of 84 isolates: all 41 exhibiting the
absence of the AluI site and 43 (out of 593) digested during the RFLP. Nucleotide
sequence comparisons of these isolates provided confirmation that PCR-RFLP analyses
were a robust and reliable method for discrimination between resistant and sensitive C.
sojina isolates. No differences in nucleotide sequences other than the GCTGGT
mutation, responsible for the G143A substitution have been observed between resistant
and sensitive isolates of C. sojina.
Partial nucleotide sequence data of the cyt b gene for an additional 3
QoI-sensitive (13-48, 13-69, and 13-87) and 3 QoI-resistant (13-20, 13-51, and 13-72)
C. sojina isolates studied in this work were deposited into the GenBank
(Acc. No. KP407548 – KP407553).
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Figure 2.4

Restriction fragment length polymorphism analysis of the partial sequence
of the cytochrome b (cyt b) gene from Cercospora sojina isolates sensitive
and resistant to QoI fungicides.

A. Partial nucleotide sequences of the cyt b gene. Codon 143 is boxed, the gray shading
indicates the mutation responsible for the G143A amino acid substitution. B. Restriction
enzyme AluI cleavage of the 238-bp amplification products at position 143 when GCT
was present, resulting in two bands of 78- and 160-bp, no cleavage when GGT was
present. Detection of the G143A substitution with restriction enzyme AluI was followed
by electrophoresis on 2% agarose gels. Isolate names are shown below the respective
lanes. M = 50-bp DNA ladder.
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In vivo comparison of disease severity and incidence for QoI-resistant and sensitive
isolates
Data from the three greenhouse experiments were determined to be homologous,
therefore combined and analyzed for each isolate. Disease severity by isolate was not
normally distributed (P = <0.01). Severity of FLS was similar among treatments within
each of the three QoI-sensitive isolates (13-31; 13-36; and 13-85). However, when
compared to the untreated control, the three QoI-resistant isolates (13-11; 13-34; and
13-104) had significantly less FLS severity in the plants treated with a foliar fungicide
(P = ≤0.0034) (Table 2.4). Lesion count (number of FLS lesions) among the six isolates
did not have a normal distribution (P = <0.01). No significant differences in lesion count
were observed in plants inoculated with QoI-sensitive isolates. In contrast, lesion count
of plants treated with fungicides and inoculated with QoI-resistant isolates differed
significantly from the untreated control (P = ≤0.0017) (Table 2.5). Only QoI-resistant
isolate 13-11 (Figure 2.5) had significantly different levels of lesion count among
fungicides as the number of lesions in the Headline treatment was significantly greater
than Topguard (Table 2.5). Throughout the three repetitions of this trial, no disease
severity or lesion count of FLS were recorded on plants sprayed with Topguard.
Phytotoxicity was observed exclusively on plants treated with Topguard throughout the
study.
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Table 2.4

The effect of a foliar fungicide application on severity of frogeye leaf spot
of soybean resulting from infection by QoI-sensitive and QoI-resistant
isolates of Cercospora sojina.

Severity (%)
Treatment and rate/hax 13-11-Ry 13-31-S 13-34-R 13-36-S 13-85-S 13-104-R
Untreated Control
14.5 az
3.9
5.4 a
0.8
0.6
1.1 a
Headline (0.877 L)
4.2 b
0.3
2.3 b
0.0
0.3
0.3 b
Quadris (1.133 L)
3.1 b
1.4
1.1 b
0.6
0.0
0.1 b
Topguard (1.023 L)
0.0 b
0.0
0.0 b
0.0
0.0
0.0 b
x
Fungicides were applied at the highest label rate in water equivalent to 37.4 liters at the
V2 growth stage.
y
R = Resistant isolates; S = Sensitive isolates.
z
Means (n=9) within columns followed by the same letter are not significantly different
according to least square means t test (P = 0.05).

Table 2.5

The effect of a foliar fungicide application on lesion count of frogeye leaf
spot of soybean resulting from infection by QoI-sensitive and QoI-resistant
isolates of Cercospora sojina.

Lesion countw
Treatment and rate/hax 13-11-Ry 13-31-S 13-34-R 13-36-S 13-85-S 13-104-R
Untreated Control
37 az
1
6 a
0
1
8 a
Headline (0.877 L)
7 b
0
0 b
0
0
3 b
Quadris (1.133 L)
3 bc
0
1 b
0
0
1 b
Topguard (1.023 L)
0 c
0
0 b
0
0
0 b
w
Frogeye leaf spot rated as number of lesions per pot (two soybean plants/pot).
x
Fungicides were applied at the highest label rate at the V2 growth stage.
y
R = Resistant isolates; S = Sensitive isolates.
z
Means (n=9) within columns followed by the same letter are not significantly different
according to least square means t test (P = 0.05).
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Figure 2.5

Frogeye leaf spot symptoms caused by a quinone outside inhibitor (QoI)
fungicide resistant Cercospora sojina isolate (13-11) 21 days after
inoculation in the greenhouse.

Symptoms developed on leaves treated with A. water control. B. Headline. C. Quadris.
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Discussion
The results of this study indicate that QoI-resistant C. sojina isolates occur
throughout Mississippi soybean production. The magnitude of which is somewhat
disconcerting for the future management of FLS in Mississippi and perhaps the U.S. The
QoIs are an important FLS management tool that should be managed for long-term use.
The majority of C. sojina isolates collected in soybean fields in Mississippi in 2013 and
2014, carried the G143A amino acid substitution in the cytochrome b, which confers
resistance to the QoI fungicides. This mutation has been identified in many plant
pathogens (FRAC 2013) including Alternaria alternata (Fr.) Keissl, in pistachio and
tangerine, Botrytis cinerea Pers. in strawberry and grape, Cercospora beticola Sacc. in
sugar beet, Colletotrichum cereale Manns. in creeping bentgrass, and Venturia inaequalis
(Cooke) G. Winter in apple, among others (Bolton et al. 2013; Fernández-Ortuño et al.
2012; Leroux et al. 2010; Lesniak et al. 2011; Ma et al. 2003; Vega and Dewdney 2014;
Young et al. 2010). The F129L amino acid substitution has been observed in a reduced
number of pathogens, some of which are C. cereale in creeping bentgrass, A. solani
Sorauer in potato, and Pyrenophora teres Drechsler in barley (Pasche et al. 2005; Semar
et al. 2007; Young et al. 2010); however, F129L was not identified in a subsample of the
C. sojina isolates collected in this study, nor in previous studies concerning C. sojina
(Zeng et al. 2015).
The differences observed in the EC50 values of C. sojina isolates tested in vitro,
offered an early indication that resistance was present in several Mississippi soybean
fields. The EC50 values observed for the three AZ-sensitive isolates in this study fell
between 0.01 and 0.1 µg/ml; similar to the values reported by Zhang et al. (2012b). The
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phenotypic responses of C. sojina isolates observed in vitro, after 18 h, were supported
by the nucleotide sequences of the cyt b gene. Translated amino acid sequences of the 11
isolates exhibiting EC50 values >0.1 µg/ml revealed that these isolates were characterized
by the G143A substitution while isolates with EC50 values <0.1 µg/ml maintained the
wild-type amino acid, glycine. Isolates exhibiting EC50 values >0.1 µg/ml as recorded
after 18 h were observed again after 7 days and were found to have continued to grow
uninhibited, eventually covering the entire petri plate. Similar to reports made by Young
et al. (2010), this phenomenon indicates that isolates containing the G143A substitution
may not be inhibited by any fungicide concentration. Regardless of various
environmental conditions and periods of storage, sensitive C. sojina isolate S86 was
inhibited, indicating that a reduction in the efficacy of AZ- and SHAM-amended plates
did not contribute to the uninhibited growth observed in the in vitro studies. After seven
days AZ-resistant C. sojina isolates showed no inhibition supporting the lack of a
measureable EC50. The average EC50 value for sensitive isolates after 18 h were 99%
greater than the sensitive baseline isolate S86. The difference between the isolate S86
and collected QoI-sensitive C. sojina isolates in this study could potentially be explained
as quantitative resistance development. Due to their site-specific mode of action,
resistance to QoI fungicides is considered to be qualitative, isolates are either resistant or
sensitive, but the possibility of resistance developing through a quantitative path may
exist in some phytopathogens (Köller et al. 2004).
The disease severity and lesion count comparisons performed in the greenhouse
show that after an application of a QoI fungicide, isolates identified as QoI-resistant,
carrying the G143A amino acid substitution, were capable of causing FLS symptoms.
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The plants inoculated with QoI-resistant isolates following a water control consistently
had greater severity ratings and lesion counts than the plants sprayed with any of the
three foliar fungicides followed by the QoI-resistant isolates. There may be a correlation
between the observations from this greenhouse trial and anecdotal reports made regarding
FLS management, or lack thereof, in Mississippi soybean fields in past. Growers have
reported that following a foliar fungicide application, the spread of FLS symptoms appear
to cease as the plant continues to grow, but symptoms eventually make a resurgence
(personal communication Tom Allen). These observations could indicate that the
QoI-resistant isolates may possess a greater virulence when compared to the
QoI-sensitive isolates as the resistant isolates were more consistent in their ability to
cause FLS symptoms.
The PCR-RFLP method has been used in the past as an efficient and cost effective
technique for identifying the G143A substitution in many different pathogens
(Fernández-Ortuño et al. 2012; Leroux et al. 2010; Ma et al. 2003; Sierotzki et al. 2000;
Vega and Dewdney 2014). Digestion with the AluI restriction enzyme was performed on
PCR product for every isolate collected in this study and proved to be a more effective
method of identifying the G143A substitution in isolates of C. sojina than in vitro
bioassays or nucleotide sequencing of the cyt b. Randomly selected nucleotide sequences
were used to confirm the accuracy of the PCR-RFLP method. Nucleotide sequences also
provided confirmation that an additional amino acid substitution such as F129L was not
present within the amplified region of the cyt b. Since this study began, molecular tools
have been developed that should provide additional efficient methods of identifying the
G143A substitution in isolates of C. sojina and other phytopathogens (Zeng et al. 2015).
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Research conducted on the application of QoI fungicides on various field crops
has determined that there may be benefits beyond disease management (Grossmann and
Retzlaff 1997; Kyveryga et al. 2013; Wise and Mueller 2011). Fungicide manufacturers
have suggested that this class of fungicides can increase yield even in the absence of
visible disease symptoms and as a result, QoI fungicides are often marketed for their
potential non-fungicidal physiological effects (Bradley and Sweets 2008; Dorrance et al.
2010; Kyveryga et al. 2013; Wise and Mueller 2011). However, in some instances,
conflicting yield results were reported as an outcome of fungicide applications in the
absence of disease (Swoboda and Pedersen 2009). A study performed by Kyveryga et al.
(2013) observed a relationship between yield response following an application of
pyraclostrobin and above normal spring rainfall. This provides evidence that economic
benefits may exist when making fungicide applications to soybean fields in years where
heavy rainfall is observed, even when disease symptoms are not present at the time of
application. Annual soybean yields in Mississippi tend to be lower than the national
average (NASS 2013) which may lead to blanket applications of the QoI class of
fungicides. This type of management strategy applies additional selection pressure on
C. sojina populations and other non-target phytopathogens.
In this study, over 98% of the C. sojina isolates collected from Delta fields were
QoI-resistant, whereas only 83% of the C. sojina isolates collected in the Hills region
were resistant. The differences between the QoI-sensitivity results from the Delta and
Hills may be explained by differences in soybean management strategies between these
regions. Soybean fields in the Delta are generally irrigated and more frequently planted
in high-yielding, Maturity Group IV cultivars, which in some cases can be more
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FLS-susceptible (e.g., Armor DK 4744, Asgrow 4531, Progeny 4510). Also, fields in the
Delta typically receive a fungicide application for yield enhancement, rather than for
disease management. This practice typically consists of a single QoI fungicide
application between R3 (beginning pod) and R4 (full pod) at a reduced rate (292 ml/ha
application rather than a 438 ml/ha application; based on Quadris or Headline label rates).
These fungicide applications prevent yield loss as a result of late-season foliar diseases
(e.g., anthracnose (Colletotrichum truncatum [Schwein]), Cercospora blight (Cercospora
kikuchii [Matsumoto & Tomoyasu]), pod and stem blight (Diaporthe phaseolorum var.
sojae [Lehman]), and prevent spread of C. sojina to non-infected leaf material.
Conversely, soybean fields in the Hills have historically been non-irrigated, and are
considered to have reduced yield potential. Fungicide applications are far more
infrequent in the Hills due to longer crop rotations, fewer fungicide applicators, and the
perception that the fungicide applications in the absence of disease will not be as
profitable. The reduced frequency of QoI-resistant C. sojina isolates occurring in the
Hills could therefore be due to less reliance on QoI fungicides for general yield benefits
or disease management.
The frequency at which QoI-sensitive C. sojina isolates occurred in the Hills
follows the pattern of qualitative sensitivity pattern. Because QoI resistance is
monogenic, and seemingly stable, the shift to resistant populations is rapid with repeated
selection pressure (Latin 2011), this would explain both the differences between the Hills
and Delta, as well as the high frequency of QoI-resistant C. sojina isolates identified
throughout the state of Mississippi. Alternative disease management practices should be
explored for future success in managing FLS in soybean. Moreover, monitoring of the
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common foliar fungal disease-causing organisms should continue since the impact of
frequent large scale fungicide applications using a single fungicide class over several
years may subsequently select resistance in additional pathogen populations.
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